Single Molecule Characterization of RNA Polymerase I: Force Free Kinetic Measurements  by Ucuncuoglu, Suleyman et al.
Wednesday, February 6, 2013 585amade from the previous study and investigate conformational changes at atom-
istic details. Free energy changes involved in translocation process are calcu-
lated from molecular dynamics simulations. In particular, O-helix in the
finger domain and Tyr639 residue near the active site are supposed to play im-
portant roles during each elongation cycle. Correspondingly, we examine
closely the energy cost of Tyr639 fluctuating IN and OUT of the active site,
as well as that of opening and closing of O-helix. Physical insight of polymer-
ase transcription can be gained further by combing our current free energy stud-
ies at atomistic scale with former kinetic modeling that links to experimental
research.
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Transcription by RNA polymerases (RNAPs) is essential in gene expression.
During transcription elongation, an incoming RNA nucleotide binds to the
catalytic center of the polymerase, and is added to the end of an existing tran-
script when the nucleotide correctly pairs with a template DNA nucleotide.
Accurate selection of rNTPs is key to maintaining high transcription fidelity.
Detailed mechanisms on how the nucleotides are selected are still lack of. us-
ing T7 RNAP as a model system, we calculate binding affinities of various
NTP molecules with the RNAP elongation complex, in both its insertion
and pre-insertion states. Stable complex structures are obtained by using mo-
lecular dynamics simulation. Techniques such as MM-GB/SA, QM/MM-GB/
SA are applied to compare the rNTP binding affinities. In addition, free en-
ergy perturbation and thermodynamic integration methods are also utilized
to calculate the rNTP binding free energies. Based on the simulation results,
we would be able to decide which checkpoints (pre-insertion and/or insertion
state) the RNAP utilizes essentially to select against wrong nucleotides. We
would also like to know how each selection proceeds (rejection and/or inhibi-
tion), as well as how strong each selection is in terms of the binding free en-
ergy differences between right and wrong nucleotides.
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Bending and torsional deformations of DNA often occur in vivo and are im-
portant for various biological functions in the cell. In particular, DNA super-
coiling (a combination of bending and torsional stresses within DNA) plays
a central role in regulating gene expression. Recent experimental studies of
short circular DNA fragments suggest that combined DNA torsional and
bending stresses strongly impact transcription by RNA polymerase (RNAP).
However, despite phenomenological observations establishing a relationship
between DNA supercoiling and transcription kinetics, many details of the
structure-function relationship between RNAP and DNA template mechanics
remain unclear. We aim to understand how supercoiled DNA affects the struc-
ture of DNA-bound RNA polymerase, with the goal of specifically identifying
protein domains that are sensitive to mechanically stressed DNA templates.
Massively parallel molecular dynamics simulations are performed to describe
the interaction of bacteriophage T7-RNAP with three DNA minicircles pos-
sessing qualitatively distinct states of torsional stress: underwound, over-
wound, and relaxed. The simulations reveal the topologies of the
minicircles in complex with T7-RNAP and the structural details of bent and
twisted protein-bound DNA. We observe remarkable differences between
the conformations of T7-RNAP in complex with undertwisted, overtwisted
and relaxed minicircle templates. In particular, on overtwisted DNA, T7-
RNAP is capable of transitioning from the classical elongation complex struc-
ture into a stable intermediate that resembles the structure immediately pre-
ceding elongation. This finding suggests a structural mechanism by which
transcription elongation may be hindered on bent and overtwisted DNA
templates.
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During transcription, both RNA polymerase (RNAP) and the nascent RNA
chain need to rotate relative to DNA at a speed of approximately a few hundred
rounds per minute. The resulting accumulation of torsional stress cannot be dis-
sipated immediately, and is therefore able to impact the motion of the RNAP.
Despite the fact that torque is an essential aspect of transcription, the extent of
its impact remains unknown. By performing single molecule measurements us-
ing an angular optical trap, we directly measure the torque that RNAP can gen-
erate as well as the transcription rate under torque. This approach provides
a framework for investigating the influence of torque on various DNA-based
translocases.
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RNA polymerase I (Pol I) exclusively transcribe the ribosomal RNA (rRNA)
which constitutes the vast majority of the total cellular transcription products.
Furthermore, rRNA synthesis is highly related with cell division, growth and
biogenesis. Previous studies demonstrated that there is a high correlation be-
tween rRNA level and the rate of protein synthesis in the cell [1, 2]. Therefore,
the activity of PoI I is highly regulated during the cell cycle because of the en-
ergetic cost of protein synthesis. However, the precise activity and the mecha-
nistic pathways of Pol I during transcription are still unknown. Here, we
investigate the kinetics of Pol I transcription using the Tethered Particle Motion
(TPM) technique. Unlike optical and magnetic tweezers, TPM allows observa-
tion of transcription in the absence of tension applied to the DNA template [3].
We also verified that the Upstream Activation Factor (UAF) is not required for
basal in vitro transcription, in coherence with previous reports [4], transcription
did not occur without Tata Binding Box Protein (TBP) and core factor (CF) pro-
teins. We measured transcription rates, at different nucleotide concentrations,
which are comparable with those previously reported from in vitro bulk studies.
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RNA polymerase (RNAP) is a molecular machine that carries out a series of
reactions during transcription initiation:
(i) RNAP binds to promoter DNA, yielding an RNAP-promoter closed complex
(RPc).
(ii) RNAP unwinds ~13 base pairs of promoter DNA surrounding the transcrip-
tion start site, forming a single-stranded region ("transcription bubble"), and
yielding an RNAP-promoter open complex (RPo).
(iii) RNAP begins synthesis of an RNA product as an RNAP-promoter initial
transcribing complex (RPitc).
(iv) After RNAP synthesizes an RNA product ~11 nt in length, RNAP breaks its
interactions with the promoter, escapes from the promoter, and begins tran-
scription elongation as an RNAP-DNA elongation complex (RDe).
It has been known for four decades that the transcription start site can vary over
a range of at least 5 bp–comprising the default start site (position þ1),
downstream-shifted start sites, (positionsþ2 andþ3), and upstream-sifted start
sites (positions 2 and 1)–and that the transcription start site can be re-
programmed within this range by the use of appropriate ribodinucleotide
primers. However, the mechanistic basis of this flexibility in transcription
start-site selection has not been known.
